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Introduction
An important as well as critical part for the investigation and manipulation of cells is to bring macromolecules through the cell membrane, which is normally impenetrable for larger molecules, into the cell's interior. The process allows to directly influence the cell state and later development in a desired way, but it may also harm or even lead to cell death. Several methods to overcome the cell membrane have been developed. [1] [2] [3] A not-yetwidely-used technique is laser-assisted cell membrane poration (optoporation), which is based on transient permeabilization of the membrane by focused laser radiation. [4] [5] [6] [7] [8] [9] [10] [11] [12] This method provides, very high poration and transfection rates as well as high posttreatment cell viability. There is even evidence that complex cell transformations, which are highly unlikely to occur with common methods such as optical reprogramming, take place with higher probability and within shorter time. 13, 14 Furthermore, optoporation is highly selective, reproducible, free of carrier substances, and their possible side effects as well as comparably easy to realize with common optical setups. 7 Usually, nonmoving individual cells are manually targeted one by one for laser-assisted cell-membrane poration, which limits the number of cells that are addressable in a reasonable time. Drastic increases in the number of targetable cells have been achieved by approaches to completely automate the laser irradiation process or by targeting of nonadherent cells in a flow-through chamber. 9 However, a priori the optimal experimental conditions are often not clear because of many different experimental parameters influencing the outcome as well as the difficulty to directly compare reported cell optoporation procedures, which have been realized with different cell types, different laser sources, and different optical setups, which complicates the direct comparison of the results. 8 Cell posttreatment viability ratios and optoporation efficiencies vary in the literature from 50% to 100% and from 25% to 100%, respectively. 4, 5, 7 Some studies have attempted to pinpoint the effects of laser parameters such as pulse duration and mean power for one kind of cell in a common setup. The direct comparison of the literature results is, however, often hindered by different experimental setups and lasers used in different labs. 6, 8 Here, we compare from a practical point of view with an application-oriented user in mind two common, commercial off-the-shelf femtosecond oscillators, a typical short-broadband Ti:sapphire, and a more cost-effective ytterbium-based laser, in terms of achievable optoporation efficiency and posttreatment cell viability by employing them in the same experimental setup and treating cells, even from one common sample, with both lasers. Furthermore, a custommade software with hardware control was used to automate the laser-irradiation process. 10 Differences in the experimental setups or preparation procedures that may influence results are in this way circumvented and the outcome can be regarded as resulting purely from the different laser characteristics.
Material and Methods
Two commercial femtosecond lasers were used for the laserassisted cell optoporation experiments. The first laser was a broadband Ti:sapphire oscillator (Integral, FemtoLasers); the second was a compact ytterbium-based femtosecond laser (HighQ-2, Newport Spectra-Physics). An overview of the laser parameters and some experimental settings is given in Table 1 . Laser spectra are shown in Figs. 1(a) and 1(b). Note that both lasers generate pulses with different wavelengths, durations, and repetition rates.
The experimental setup, which has been described previously, 15 is schematically shown in Fig. 1(c) . It consists of a multiphoton imaging system (FemtoGene, JenLab GmbH), which is based on a modified commercial microscope employing a laser-scanning setup, i.e., galvano-scanning mirrors, a beam expander, dichroic mirror, and a microscope objective. Chirped mirrors are used to precompensate for the group-velocity dispersion of the optics in case of the integral laser such that sub-15-fs-long pulses are present at the sample position, which was confirmed by autocorrelation measurements. For the optoporation, the laser-focus position was always kept fixed and the cells were centered on that position by a motorized x-y microscope stage (Märzhäuser, SCAN IM 130 × 100). A 1.3 NA 40× microscope objective (Zeiss, neofluar) was used with both lasers for focusing of the laser pulses and for imaging of the sample with a microscope camera. The vertical position of the objective was controlled by a piezoelectric positioning system (MIPOS, Piezosystem Jena GmbH). A half-wave plate in the path of the HighQ-2 beam was used to establish equal linear polarization states of both lasers by changing the polarization direction of the HighQ-2 pulses to horizontal. By flipping a mirror, the output of one of the two lasers could be coupled into the microscope. The laser power at the sample was controlled by rotating a Glan-laser polarizer inside the common beam path. The laser exposure time was selected by setting the open duration of a fast mechanical shutter. Images were recorded with a 1.3-megapixel microscope camera (SPOT idea, SPOT Imaging Solutions). Microscope stage, camera, piezoelectric positioning system, and the optical beam shutter were all controlled by custom LabView-based software JL-CellFinder [elements indicated by dashed boundary line in Fig. 1(c) ]. The software automatically identifies positions for irradiation by evaluating the image contrast, centers the positions in the laser focus by controlling the stage, and engages the laser irradiation by opening and closing the shutter. 10 The exact location within the cell that is laser irradiated, i.e., a location on the cell membrane, cytoplasm, or nucleus, as well as the number of irradiated positions per cell strongly affects the optoporation efficiency and cell survival rate. 8 About 2 to 4 positions per cell at or close to the membrane were targeted by the control software. The identification was done by image processing of bright-field microscope images of the sample and evaluation of simple image contrast changes evaluated along parallel lines. The algorithm enabled fast identification of a suitable position and, in combination with the control of hardware components, to irradiate several cells per second. 10 The preparation of Chinese hamster ovary (CHO-K1) cells and the evaluation of the laser irradiation were performed as described previously. 10 Briefly, cells were cultured in 35-mm glass-bottom dishes with 500-μm grids, which were then placed directly on the microscope stage during the laser-irradiation procedure. To evaluate the outcome of the optoporation and cell viability, the cell samples were incubated together with the fluorescence dye diamidin-2-phenylindol (DAPI) shortly before the laser irradiation. After the laser irradiation, the cells were stained with calcein AM and ethidium bromide (EtBr). The resulting cell fluorescence was evaluated with a fluorescence microscope (Zeiss Axio Observer D1 with LED module Colibri) about 30 min after the irradiation procedure. In case the DAPI fluorescence intensity from a cell exceeded the intensity of the nonirradiated control samples by two times the standard deviation of the procedure, the cell was counted as positively optoporated. Based on calcein and EtBr fluorescence, the cell viability and posttreatment survival were determined. The ratios of optoporated and living as well as dead cells were normalized to the total number of irradiated cells. Cells that survived the laser irradiation and showed DAPI fluorescence above (below) the aforementioned threshold were regarded as optoporated (not optoporated) and living.
Results and Discussion
The ratio of optoporated and living cells as well as the portion of dead cells after the laser irradiation is shown in Fig. 2 as dependent on irradiation time (a and c) and total deposited energy (b and d), respectively. Each data point in Fig. 2 represents 20 to 50 irradiated cells from the same cell sample, i.e., from cells in different regions inside the same culture dish. The figure summarizes the main results of this letter. The mean power, pulse duration, and repetition rate were kept fixed at the values listed in Table 1 . With increasing irradiation duration [ Fig. 2(a) ], the ratio of positively optoporated and living cells increases initially, then saturates, and decreases eventually. The saturation ranges differ for both lasers as well as the values of the maximum ratio.
For irradiation durations exceeding about 60 ms for the HighQ-2 and about 120 ms for the integral laser, the fraction of optoporated and living cells does not increase further. A maximum of about 80% to 90% and of about 30% to 40% of optoporated and viable cells was achieved with the integral and HighQ-2, respectively. For longer irradiation durations, the ratio decreases for both lasers. The ratio of cells that did not survive the laser treatment is shown in Fig. 2(c) . It increases steadily with longer irradiation duration even with increasing slopes. The increase is even steeper for the HighQ-2 than for the integral laser, reaching about 40% at 100 ms (HighQ-2) and 180 ms (integral). Cells in control samples without laser irradiation show a viability of close to 100% and zero positive optoporation. 10 The data in Figs. 2(a) and 2(c) are shown in dependence on the irradiation duration, which is the experimentally directly accessible parameter. What is in fact varied is the total number of pulses applied to the cells during exposure and thereby the total energy deposited in the cell, which, however, is different for both lasers due to the different pulse repetition rates and applied mean powers, respectively. Figures 2(b) and 2(d) show the same experimental data as Figs. 2(a) and 2(c) in dependence on the total energy that is deposited during the laser exposure for both lasers. The ratio of optoporated and viable cells [ Fig. 2(b) ] exhibits a sharp maximum for the integral. A maximum is also present in the HighQ-2 data but is more spread out. The ratio of dead cells [ Fig. 2(d) ] increases for both lasers and is even steeper for the integral than for the HighQ-2 laser.
The initial increase in the ratio of optoporated and viable cells [Figs. 2(a) and 2(b)] is a result of the increasingly efficient optoporation, i.e., the membrane is more effectively permeabilized the more laser pulses reach it. At the same time, the laser radiation induces damage to the cells that eventually leads to direct or apoptosis-mediated cell death and thereby reduces the overall cell viability. This reduction of the overall cell viability with increasing irradiation duration leads eventually to the decrease of the ratio of optoporated and living cells that is shown in Fig. 2(a) and the increase of the curves shown in Fig. 2(c) . The differences observed for the two lasers therefore can be attributed to the different laser characteristics, which differ in center wavelengths (spectrum), repetition rates, pulse durations, and pulse energies. This makes it difficult to attribute the differences to a single parameter. Rudhall et al. 6 have identified pulse duration, pulse energy, and number of pulses to all influence the optoporation. The importance of the different pulse durations for equal values of deposited energy during the laser irradiation is apparent in Figs. 2(b) and 2(d) as the most important parameter, which causes the differences observed with the integral and HighQ-2. The underlying process of the optoporation is multiphoton absorption that results in the creation of a plasma of quasi-free electrons, which in turn causes thermoelastic stress, chemical breakdown, and eventually a permeabilization of the cell membrane. 6, 16 Although the pulse duration and the associated peak power are more important for the underlying multiphoton processes than the total deposited energy, both parameters, peak power and total deposited energy, influence the cell viability, as can be seen by the different dependencies for both lasers in Fig. 2(d) . However, the smaller pulse duration and the higher peak power of the integral pulses (Table 1 ) enable a more efficient membrane permeabilization at lower doses of the energy deposited in total, which results in a higher ratio of optoporated and viable cells compared to the HighQ-2 laser. Nevertheless, a sufficient number of pulses is required to enable efficient optoporation.
The influence of the different center wavelengths and spectral widths of the HighQ-2 and integral laser pulses is less significant than the influence of the different pulse durations in the case of purely nonresonant multiphoton generation of a plasma of quasifree electrons. 16 However, the different center wavelengths could in principle lead to differing strong destructive nonlinear photochemical effects. Although thermal damage from multiphoton water absorption can be effectively ruled out for both lasers, genotoxic effects induced by three photon absorption of nucleic acid, which strongly absorbs below 290 nm, can be expected to be more significant for the integral than for the longer wavelength of the HighQ-2 laser. 17 It cannot be ruled out that this could contribute to the stronger increase of the ratio of dead cells observed in Fig. 2(d) for the integral compared to the HighQ-2 laser, although the irradiation was directed at the membrane only.
Conclusion
We compared two femtosecond lasers, which represent common commercially available laser classes, i.e., Ti:sapphire and ytterbium-based oscillators, in optoporation experiments with adherent CHO cells. Both lasers were coupled to the same experimental setup, which consisted of a laser scanning microscope employing a motorized microscope stage for sample positioning and control software for an automated cell-position selection and laser-irradiation procedure. The commercial Ti: sapphire and ytterbium-based lasers generated sub-15 fs and 250 fs at center wavelengths of 800 and 1040 nm, respectively. The shorter pulses resulted in significantly higher achievable optoporation efficiency and posttreatment cell viability.
